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The electronic structure of the layered 4d transition metal oxide Sr2RhO4 is investigated by angle
resolved photoemission. We find well-defined quasiparticle excitations with a highly anisotropic
dispersion, suggesting a quasi-two-dimensional Fermi liquid like ground state. Markedly different
from the isostructural Sr2RuO4, only two bands with dominant Rh 4dxz,zy character contribute to
the Fermi surface. A quantitative analysis of the photoemission quasiparticle band structure is in
excellent agreement with bulk data. In contrast, it is found that state-of-the-art density functional
calculations in the local density approximation differ significantly from the experimental findings.
PACS numbers: 71.18.+y, 71.20.-b, 79.60.-i
The Fermi surface (FS) topology and quasiparticle
dynamics determine most material properties. Low–
dimensional and correlated materials, which are currently
of key interest for their exotic properties, are particularly
sensitive to fine details of the fermiology. This is evident
for classical charge density wave systems, but might hold
as well for superconductivity or quantum critical phe-
nomena. For instance calculations for a large number of
p-type cuprates, demonstrated a correlation of Tc with
the shape of the most bonding band [1]. More recently,
quantum criticality in Sr3Ru2O7 has been related to a
symmetry breaking spin–dependent FS distortion [2].
In principle, angle resolved photoemission (ARPES) is
ideally suited to map the size and shape of the FS [3, 4].
However, ARPES is a highly surface sensitive technique
and its precision is usually lower than that of classical
FS probes based on the de Haas–van Alphen (dHvA) or
related effects. Consequently, the impact of ARPES has
been largest in materials where dHvA oscillations are not
observable [4]. Density functional (DFT) calculations in
the local density approximation (LDA) have evolved as
a powerful alternative to experimental electronic struc-
ture probes. However, the Kohn-Sham eigenvalues of
DFT have no clear physical meaning even at the Fermi
surface and cannot be rigorously identified with single
particle excitation energies [5]. Nonetheless, the LDA
has been found to be highly successful even in the de-
scription of fairly strongly correlated materials like doped
cuprates. Although the agreement of LDA calculations
with extensive ARPES data on cuprates is compelling,
it has rarely been confirmed by bulk electronic structure
probes, and truly quantitative comparisons are not ready
yet. Sr2RuO4 is to date the only example of a correlated
oxide where LDA [6, 7] dHvA [8, 9] and ARPES [10]
were found to be in good quantitative agreement. This
is far from trivial in a multi–band system, since corre-
lations, not fully described within the LDA, can trans-
fer spectral weight between in equivalent orbitals, thus
enlarging certain FS pockets at the expense of others
[11, 12]. NaxCoO2 is a prominent recent example of a
multi–band system where qualitative differences between
ARPES data [13, 14] and LDA calculations [15] have been
observed and related to strong, orbital dependent correla-
tions. However, the complexity of the material has so far
prevented the derivation of a consistent picture [11, 16].
In this paper, we present a quantitative electronic
structure study of Sr2RhO4 by means of ARPES and
band calculations within the LDA. It is shown that
ARPES provides bulk representative spectra with a FS
that agrees with dHvA data by Perry et al. [17]. Al-
though Sr2RhO4 exhibits Fermi–liquid properties over an
extended energy range, we find that its FS is not repro-
duced quantitatively within the LDA.
Sr2RhO4 has a tetragonal crystal structure (a =
5.436 A˚, c = 25.75 A˚) with a reduced I41/acd symmetry
(”orthorhombicity”) due to a 11◦ rotation of the RhO6
octahedra around the c-axis [18, 19]. High purity single
crystals with residual resistivities < 7µΩcm have been
grown by a floating zone technique [17] and have been
cleaved in situ along the ab–plane at T = 10 K. Photoe-
mission experiments were performed with a monochrom-
atized He–discharge lamp (Gammadata VUV5000) and a
Scienta SES2002 analyzer. The energy and angular res-
olutions for all measurements were better than 7.5 meV
/ 0.35◦ [full width at half maximum (FWHM)]. All data
were taken at T = 10 K and a pressure < 4× 10−11 torr.
LDA calculations were done using the local orbital ex-
tension of the general potential linearized augmented
planewave method [20] with well converged basis sets
(≈ 3800 basis functions) and zone samplings.
Representative spectra along ΓX and ΓM of the or-
thorhombic Brillouin zone (BZ) are shown in Fig. 1.
2FIG. 1: ARPES spectra along ΓX and ΓM of the orthorhom-
bic Brillouin zone. Spectra taken at Γ, X and M are high-
lighted. For a definition of the symmetry points, see Fig. 2.
The data clearly show the spectroscopic hall marks of a
Landau Fermi liquid: well defined, dispersive quasipar-
ticle bands with peaks that sharpen up progressively as
the they approach the Fermi level (EF), reflecting the
diminishing phase space for electron–electron scattering
[21]. Fig. 2(a) shows the experimental FS map, obtained
from ≈ 2 · 104 high–resolution spectra, taken on a uni-
form k–space grid and integrated over the energy window
EF ± 3 meV. Note that the resulting map has not been
symmetrized. Only the measured momentum–space re-
gion is shown. Similar data sets were measured on sev-
eral samples with photon energies of 21.2 eV (He Iα) and
40.8 eV (He IIα) and showed good reproducibility and no
excitation–energy dependence, consistent with a highly
two–dimensional (2D) electronic structure. Two, nearly
isotropic bands, which are both centered at the origin
and back–folded by the orthorhombicity are observed, a
large electron like band with an average Fermi wave vec-
tor kF2 of ≈ 0.66 A˚
−1 and a smaller hole–pocket with
kF1 ≈ 0.17 A˚
−1. A quantitative determination of the
unfolded Fermi wave vectors (Fig. 2(c)) shows a slight 4–
fold anisotropy, analogous to the shape of the α/β sheets
in Sr2RuO4, and indicative of a dominant dxz,zy charac-
ter of the FS. The LDA calculation (Fig. 2(b)) confirms
this experimental assignment and shows that the dxy
level is pushed below EF by level mixing and repulsion
between the eg dx2−y2 and the t2g dxy orbitals, as dis-
cussed in Ref. [22]. At the orthorhombic zone boundary,
a small non–crossing gap opens. This is investigated in
more detail in Fig. 3 showing the band dispersion across
the zone boundary. The gap is not directly resolved in
the raw data, but the flattened peak shape of the energy
distribution curves (EDCs) shown in Fig. 3 (c) hints at
the presence of a non-crossing gap slightly smaller than
the line width of about 20 meV at the energy where the
two branches intersect. For a more quantitative analy-
FIG. 2: (a,b) Experimental (a) and theoretical (b) LDA–FS
calculated for a fully relaxed crystal structure of Sr2RhO4. X
denotes the surface projection of the X–point of the tetrag-
onal unit cell, M the projection of the midpoint between Γ
and Z. Experimental FS contours have been extracted in ar-
eas where peaks are well separated from data-sets taken with
hν = 21.2 eV (red and blue dots) and 40.8 eV (green) and
are overlaid on the theoretical FS. (c) Fermi wave vectors of
the two fundamental bands in the unfolded tetragonal BZ,
showing a 4–fold modulation. (d) Resolution dependence of
the apparent FS–volume. Symbols give the apparent volumes
of the three pockets, measured with different energy resolu-
tions, lines are obtained from an analysis of simulated spectral
functions that have been convoluted with varying resolution
functions. Extrapolated FS volumes are shown as black cir-
cles with estimated error bars.
sis, we fit the data with the spectral function for a 2D
Fermi liquid superimposed on a smooth background. To
increase the reliablility of this analysis, we choose to fit
all EDCs simultaneously with a common self–energy and
a momentum independent intensity and convolved the
fit–function in energy and momentum with the indepen-
dently determined respective resolutions. The resulting
band positions are shown in Fig. 3(b) to display a gap of
≈ 10 meV. This is significantly larger than the Landau
level splitting even in high magnetic fields. Thus, in a 2D
approximation, the FS contains three closed contours, a
central hole pocket (α), the lens–shaped electron pock-
ets at M (βM ), and the square–shaped hole pockets at X
(βX).
We have determined the volume A of these pockets
from extensive fits to multiple data sets to be 6.1(4),
7.4(4), 8.1(5)% BZ for Aα, AβM and AβX , respectively,
as summarized in Tab. I. Each of these values repre-
sents the average of 8–10 equivalent pockets, measured
on different samples and with different photon energies
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FIG. 3: Band dispersion near the orhorhombic zone bound-
ary measured along the red line depicted in the Brillouin zone
inset to panel (b). (a) and (c) show the raw data as image
plot and stack of EDCs respectively. A highly restricted fit
with only two free parameters per spectrum is added as thin
blue lines in (c). (b) shows the fitted band dispersion, with
a non–crossing gap of approximately 10 meV, due to the or-
thorhombicity.
TABLE I: Summary of the ARPES FS parameters for
Sr2RhO4. The errors given throughout the paper are esti-
mated from the statistical accuracy of the analysis and the
reproducibility of the experiments. A systematic error of the
same order due to surface structural relaxations cannot be ex-
cluded. The frequency range of dHvA oscillations (from Ref.
[17]) and kz–averaged LDA volumes are added for compari-
son.
α βM βX
FS–volume A (% BZ) 6.1(4) 7.4(4) 8.1(5)
occupation n (e−) 3.878(8) 0.296(16) 1.838(10)
Fermi velocity vF (eVA˚) 0.41(4) 0.61(6) 0.55(6)
cyclotron mass m∗ (me) 3.0(3) 2.2(2) 2.6(3)
dHvA FS–vol. A (% BZ) 6.6 – 9.2
LDA FS–vol. A (% BZ) ≈ 24 ≈ 14 ≈ 4
and energy resolutions, and contains a correction for the
systematic shifts in the zero frequency MDC peak posi-
tions (see Fig. 2(d)) caused by the finite energy resolu-
tion of the experiment [27]. The such derived values are
in excellent agreement with the frequency range of 6.6
to 9.2% BZ, in which dHvA oscillations have been ob-
served very recently [17]. In order to estimate the total
Luttinger volume, we assume two–dimensionality. After
backfolding the fundamental bands to the orthorhombic
Brillouin zone, which contains two Rh atoms per plane,
we count nα = 2 + 2 − 2Aα = 3.878(8)e
− electrons for
the hole–pocket at Γ, 4AβM = 0.296(16)e
− in the lens–
shaped electron pocket, and 2− 2AβX = 1.838(10)e
− for
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FIG. 4: Spectral function analysis of the α pocket along ΓM.
(a) experimental MDCs with the result of a 2D fit (thin blue
lines). (b) Comparison of the self–energies for Sr2RhO4 and
Sr2RuO4. The functional form derived for the latter in Ref.
[23] has been offset by 3 meV to match the slightly higher
impurity scattering in Sr2RhO4. A fit of the analytical form
for a 2D FL to the empirical Σ′ derived for Sr2RhO4 is shown
as red dashed line. The inset shows a gray–scale plot of the
measured spectral function.
the X–point hole pocket. The three pockets thus contain
3.006(10) electrons per Rh, consistent with a stoichio-
metric material and a fully occupied dxy–band.
Carrier masses have been determined using Fermi ve-
locities evaluated in typically 100 I(ǫ, k) intensity distri-
butions along k–space lines normal to the FS contour of
each pocket. The averaged vF values are given in Tab.
I. The cyclotron masses m∗ = hkF /vF are then calcu-
lated for average Fermi wave vectors kF =
√
A/π to be
m∗α = 3.0(3), m
∗
βM
= 2.2(2), and m∗βX = 2.6(3). Again
assuming two dimensionality, the specific heat is given
by γ = (πNAk
2
Ba
2
o)/(3h¯
2)
∑
m∗, where kB is the Boltz-
mann constant, NA Avogadro’s number, and ao the in–
plane lattice constant. Accounting for the twofold degen-
eracy of the βM–pocket, we find
∑
m∗ = 10.0(5)me, and
γ = 14.5(7) mJ/molK2, in fair agreement with the pre-
liminary experimental report of 17.7(7) mJ/molK2 [17].
The QP self–energy has been derived from a detailed
line–shape analysis summarized in Fig. 4. We first note
that there exists no simple relation between the width
of a single MDC (or EDC) and the self–energy for sharp
and non–linear QP–bands as observed in Sr2RhO4, even
for high–resolution data as those presented here. There-
fore, we chose to perform 2D fits with a parametrized
self–energy Σ′ = Σimp+βω
η, as well as simultaneous 1D
fits of all MDCs. Both of these methods are fully self–
consistent and allow one to include a convolution with
both, the energy and momentum resolution functions.
The results of a typical 2D fit are shown in Fig. 4(c) and
demonstrate that widths, asymmetries and intensities of
the MDCs are well reproduced with a minimal parameter
set. The imaginary part of the self–energy deduced in this
4way is Σ′ = 0.004 eV +4.7ω1.74, in close agreement with
the analytical form Σ′(ω) = βω2[1+0.53 ln(ω/EF )] for a
2D Fermi liquid with realistic parameter values β = 4.8
and EF = 0.43 eV (see Fig. 4(b)) [24]. Moreover, it is
nearly identical with the recent result for Sr2RuO4 [23],
hinting at comparable many–body interactions in both
materials, dominated by electron–electron interactions.
The strength of electron–phonon interactions cannot be
determined reliably from the present data, since the co-
herent QP peaks can only be separated over a limited
energy range barely larger than typical phonon frequen-
cies. However, the quality of the above fit with a smooth
QP–dispersion up to ω = 60 meV and a form of Σ′ ex-
pected for electron–electron interactions only seems to
indicate a minor importance of other degrees of freedom.
The correct volume counting of the expected number
of electrons, the agreement with dHvA data, and the
sheer observation of single, sharp QP peaks show that
the 2-3 topmost unit cells of Sr2RhO4 which are probed
by ARPES have a uniform and basically converged bulk
electronic structure (for an example of ARPES data from
a reconstructed surface, see e.g. Ref. [25]). We therefore
use the zero frequency line width of ≈ 8 meV (corre-
sponding to ∆kF ≈ 0.015A˚
−1, ∆A ≈ 1.2% BZ) as an
upper bound for possible systematic errors in the ARPES
ǫ(k) values caused by surface structural relaxations. This
uncertainty is far smaller than the difference between
ARPES and LDA Fermi wave vectors. The presented
results thus establish for the first time a quantitative dis-
crepancy between the experimental quasiparticle FS and
the DFT–LDA FS in a Fermi–liquid–like correlated mate-
rial. The two main discrepancies between calculation and
experiment are the shape of the α pocket and the volume
ratios between the three main pockets, with LDA finding
values of Aα ≈ 24% BZ, AβM ≈ 14% BZ, and AβX ≈ 4%
BZ, clearly incompatible with both, ARPES and dHvA.
The disagreement could perhaps be explained by a devi-
ation of the crystal structure from that assumed in the
calculations or by an O deficiency. However, there is no
experimental evidence for either. The Luttinger volume
of 3.006(10) indicates good stoichiometry, and calcula-
tions performed with the experimental lattice structure
from Ref. [19], artificially distorted structures, and the
fully relaxed LDA crystal structure all revealed rather
similar LDA–FS that differ significantly from the exper-
iment. We also searched for symmetry reducing rota-
tions of the RhO6 octahedra, but found that only the
reported I41/acd symmetry [18, 19] without out of plane
tilt–distortions is stable within LDA.
It is thus compelling to attribute the observed discrep-
ancy between LDA and ARPES to many–body interac-
tions, not fully described within the LDA. The functional
form of Σ′ shown in Fig. 4. indicates that these interac-
tions are dominated by electron–electron scattering, al-
though it cannot fully exclude a more complex interplay
of correlations and electron–phonon coupling, as it is e.g.
observed in the metallic 4d compound Ca3Ru2O7 [26].
The structural distortions in Sr2RhO4 may well be cru-
cial for the marked difference in experimental and LDA
FS since they reduce the band width and Fermi velocity
by nearly a factor of two, compared to Sr2RuO4. Con-
sequently, for Sr2RhO4, a band dependence of the real
part of the self–energy at ω = 0 of ≈ 120 meV as it was
calculated by Liebsch and Lichtenstein for Sr2RuO4 [12]
would be sufficient to explain the discrepancy between
ARPES and LDA FS reported here.
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